Castanea sativa Miller displays a high variability of morphological and ecological traits, vegetative and reproductive habits, nut morphology, wood characteristics, adaptability, and resistance to biotic and abiotic stresses. The present range of distribution of the species has been strongly influenced by human migrations and it is thought that Romans played a crucial role in the spread of the cultivation in Europe, although in some areas there is also evidence of local domestication and spontaneous spread of the tree after the last glacial period. In Switzerland chestnut stands are found mostly in the South (Canton Ticino), a region where the debate about the origin of the local germplasm, whether derived from the survival or spontaneous migration of C. sativa on the territory or due to the introduction of the tree during the Roman colonisation, is still open. This study aims contributing to depict the chestnut genetic situation of the species in Canton Ticino as a contribution to the debate about the native character of the species. The study area is located in Switzerland, on the southern slopes of the Alps, where 3 C. sativa populations were sampled and analysed at 9 SSR loci. Populations showed a high degree of diversity, as it is observed in most natural population of tree species: all nine SSR loci were polymorphic (no fixed alleles were detected), and genetic diversity, measured by expected heterozygosity, was high ranging in the populations between 0.647 and 0.721, on average. Results suggest that three homogeneous gene pools contributed to the formation of the 3 populations sampled. The genetic germplasm structuring of the analysed chestnut stands is very mild as confirmed by the relatively low level of genetic differentiation and divergence observed among sites.
Introduction
The Sweet chestnut (Castanea sativa Miller) is the only European of the 7 to 13 species (according to classification, JOHNSON, 1988) of the genus Castanea (Fagaceae; x = 12, 2n = 24, JAYNES, 1962) . Many researches attempted to address the history of the European chestnut origin and cultivation (MELLANO et al., 2012; PEREIRA-LORENZO et al., 2012) and recent studies based on cpDNA sequencing analysis (LANG et al., 2007) hypothesize an initial diversification within Asia during the early Eocene followed by intercontinental dispersion and divergence between the Chinese species and the European Castanea sativa during the middle Eocene.
According to the palynological analysis proposed by KREBS et al. (2004) most probable Quaternary refugia of C. sativa consist in six macroregions: the Transcaucasian region; north-western Anatolia; the hinterland of the Tyrrhenian coast from Liguria to Lazio along the Apennine range; the region around Lago di Monticchio (Monte Vulture) in southern Italy; the Cantabrian coast on the Iberian peninsula; and probably also the Greek peninsula (Peloponnese and Thessaly) and north-eastern Italy (Colli Euganei, Monti Berici, EmiliaRomagna). As stated by CONEDERA et al. (2004a) , the first evidences of active chestnut cultivation date back to the third Millennium BC in the Balcanic area (Anatolian Peninsula, northeastern Greece, and southeastern Bulgaria). From these regions, the Greeks first and the Romans later diffused the idea of cultivating chestnut to the West (CONEDERA and KREBS, 2008) . The Romans probably introduced the chestnut tree where the species was not present (CONEDERA et al., 2004a) .
Starting in the early Middle Ages the cultivation of chestnut for both timber and fruit production became a widespread component of the traditional farming system in most Mediterranean countries and southern parts of Central Europe (CONEDERA and KREBS, 2008) . The chestnut tree was used for several purposes (furniture, building construction, poles, and fuel wood), and foliage was first used for livestock bedding and then as a fertilizer (BOUNOUS and TORELLO MARINONI, 2005) . A major interest in managing chestnut for fruit production as well as in cultivation for self-sufficiency, developed after the Roman period in relation to the socio-economic structures of Medieval Times that gave rise to an autarchic "chestnut civilisation" as in most mountain regions of southern and central Europe (CONEDERA and KREBS, 2008) . The role as staple food assumed by the chestnut fruits resulted in an extreme differentiation of the product and of the cultivated varieties (CONEDERA et al., 1994) and a corresponding wide range of germplasm (GRASSI, 1992; BOUNOUS et al., 1992; BOUNOUS, 2002; BREISCH, 1995; GOBBIN et al., 2007 od, by the type of use, or by range of distribution and display a correspondent considerable genetic and morphologic polymorphisms (RUDOW and CONEDERA, 2000) .
As a result of such a long tradition in chestnut cultivation, the present range of the species has been strongly influenced by humans (MATTIONI et al., 2010) and extends from the Caucasus through Turkey, Greece, and Slovenia to Italy, Switzerland, France, Spain, Portugal, Germany, and Southern England (CONEDERA et al., 2004b) . C. sativa is found in small areas bordering North Africa: Morocco, on Beni-Hoçmar Mountains (FERNÁNDEZ DE ANA MAGÁN et al., 1997) , Algeria, on Atlas range, Tunisia, where it was probably introduced during French domination (BOUNOUS and TORELLO MARI-NONI, 2005; BERGOUGNOUX et al., 1978) . It grows in the Canary and Azores Islands (FERREIRA BATISTA, 1993) and is found to a smaller extent in Syria and Lebanon. At low latitude, chestnut trees are found above 1500 m a.s.l., as on the slopes of Mount Etna in Italy (POLACCO, 1938) , on the Sierra Nevada in Spain, and in Caucasus where the species thrives at elevation of 1800 m (FENAROLI, 1945) . C. sativa displays a correspondent high variability of morphological and ecological traits, vegetative and reproductive habits, nut morphology, wood characteristics, adaptability, and resistance to biotic and abiotic stresses (LAUTERI et al., 2004; BECCARO et al., 2004; BOTTA et al., 2006; CONEDERA et al., 2004b; MELLANO et al., 2009 ).
Unfortunately, up to now studies on the germplasm of the European chestnut only partially contributed to confirm or further detailing the history of the European chestnut origin and cultivation. Many studies indicate the North-East Turkey and the Caucasus region as the most likely centre of origin of present chestnut, confirmed by higher genetic diversity within the Turkish populations and higher level of genetic differentiation among populations (VILLANI et al., 1994; VILLANI et al., 1999) . FINESCHI et al. (2000) , however, studying different cpDNA haplotypes could not clarify a possible migration pattern of this species towards Central Europe, whereas MATTIONI et al. (2010) were not able to confirm any genetic relationships between Turkish, Greek and the rest of European chestnut population. Nevertheless the absence of Spanish haplotypes in Turkey combined with their presence in the remaining part of the chestnut tree distribution area enabled these authors to confirm the possible existence of Quaternary chestnut refugia in the Iberian Peninsula as indicated by KREBS et al. (2004) . Similarly, in southern Switzerland, the debate about the possible survival or spontaneous migration of C. sativa on the territory after the last Glacial Period (HAJDAS et al., 2005) or the introduction of the tree during the Roman colonisation (TINNER et al., 1999; CONEDERA et al., 2004a ) is still open.
Aim of this study is to contribute to depict the chestnut genetic situation of the species in Canton Ticino (southern Switzerland) in order to offer new insights to the debate about the spontaneous or anthropogenic origin of the species. Our basic hypothesis is that a presumed anthropogenic introduction of the tree during the Roman period and the subsequent autarchic character of the chestnut cultivation in the area should have resulted in a genetic pool characterized by less variability with respect to other natural population of Fagaceae such as Quercus spp.
Study Area
The study area is located on the southern slopes of the Alps in Switzerland, where the climate is warm-temperate and rainy, with a mean annual precipitation of 1700 mm and a mean annual temperature of about 12°C. Summer rain (about 800 mm) is much more intensive than in Mediterranean areas (SPINEDI and ISOTTA, 2004) . Such a climate combined with a predominance of siliceous soils is favorable for the growth of the Sweet Chestnut. According to KREBS et al. (2004) , however, the chestnut did not spontaneously recolonize the southern slope of the Swiss Alps. Consistent evidences exist of a rapid increase in the percentage of chestnut pollen starting in the Roman period what claims for an artificial introduction and subsequent cultivation of the chestnut tree in the area (HOFSTETTER et al., 2006; TIN-NER et al., 1999) . This contrasts with the findings of HAJDAS et al. (2005), who found macro-charcoal of C. sativa in the soils of southern Switzerland dating back to 1500 BC. According to CONEDERA et al. (2004) the introduction or rise in chestnut cultivation coincided with a radical change in local use of land with an active management of chestnut monocultures, probably managed in coppices for pole production both for agricultural and extra-agricultural (military and road constructions, carpentry) purposes.
Many variety names are common in the whole SwissItalian cross-bordering Insubric region (CONEDERA et al. 1994) , which indicates a possible flow of genetic materials in Medieval Times.
According to the local medieval bylaws, the chestnut growing areas were strictly differentiated in orchards for fruit productions and coppice stands for timber and pole productions. As a general rule still nowadays orchards are located in the more gentle slope around the settlements whereas coppice stands constituted by wild (unselected and non grafted) growing chestnut trees are confined in the more steep slopes usually in connection with terraced vineyards (CONEDERA and GIUDICI, 1994) .
In the last decades of the XIX century, the introduction of alternative food such as maize and potatoes and the progressive abandonment of chestnut as a staple food encouraged the introduction of the high-quality Italian Marroni varieties for commercial purposes. In response to the emergence of chestnut blight (Cryphonectria parasitica) in the area (1948), a breeding program started in 1950 and ended in the selection of 120 hybrid clones (Bazzigher's Euro-Japanese clones) supposed to display a certain resistance to the blight and now conserved in 19 different inventory stands (BAZZIGHER and MILLER, 1991) . Finally, in the 1980s French Euro-Japanese or European varieties (BREISCH et al., 1995) resistant to the ink disease (Phythophtora spp.) were introduced as potentially valuable germplasm for new plantations. Beccaro et. al.·Silvae Genetica (2012) [292] [293] [294] [295] [296] [297] [298] [299] [300] Despite the lack of active management of most chestnut groves since the World War II, chestnut forests in the study area still cover 26.000 ha (Fig. 1) of which around 19.000 ha are represented by coppice stands.
Materials and Methods

Plant material
A total of 3 coppice stands distributed along a NorthSouth gradient of the Canton Ticino (Switzerland) were chosen for the analysis (Fig. 1) . The coppices were selected as far as possible from the existing chestnut orchards.
Young leaves were collected in spring-summer from 30 randomly selected individual stools per stand. A total of 90 individual stools were analyzed. Leaves were reduced to a fine powder in liquid nitrogen using a mortar and pestle and stored at -80°C until used. DNA was extracted from 0.2 g of young leaf tissue according to THOMAS et al. (1993) with some modifications.
DNA isolation and SSR amplification
Nine SSR loci were chosen on the basis of their level of polymorphism: CsCAT1, CsCAT8, CsCAT14, CsCAT15, CsCAT16, CsCAT41 (MARINONI et al., 2003) and EMCs38 (BUCK et al., 2003) from C. sativa and QpZAG110 and QpZAG119 (STEINKELLNER et al., 1997) from Quercus petraea. The nine loci are localised on 6 out of the 12 chestnut chromosomes (BARRENECHE et al., 2004) . Orthology between Quercus and Castanea for Quercus SSR loci was previously assessed (BARRENECHE et al., 2004; BOCCACCI et al., 2004) confirming the suitability of QpZAG110 and QpZAG119 for fingerprinting and population genetic studies in chestnut.
PCR was performed in 20 µl reaction volumes containing 50 ng of DNA, 0.5 U Taq-DNA polymerase (Ampli Taq Gold, Applied Biosystems, Foster City, CA, USA), 2 µl of 10x PCR buffer (100 mM Tris-HCl pH 8.3, 500 mM KCl), 1 µl of 10 % Bovine Albumin Serum (BSA), 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.5 µM of each primers. Forward primers were labelled with a fluorochrome (6-FAM, HEX, NED or PET).
DNA amplification reactions were performed in a PTC 100 thermal cycler (MJ Research Inc., Watertown, MA, USA) under the following conditions: an initial step of 9 min at 94°C, followed by 28 cycles of 30 s at 94°C, 45 s at 54°C, 90 s at 72°C and a final extension step of 30 min at 72°C. Amplification products were analyzed using a 3130 Genetic Analyzer capillary electrophoresis instrument (Applied Biosystems). Results of the run were processed with GeneMapper software (Applied Biosystems) and alleles were designated by their size in base pairs (bp) using a GeneScan-500 LIZ standard (Applied Biosystems).
Data analysis
Microsatellite data obtained at nine SSR loci were processed using the software Genepop 4.0 (ROUSSET, 2008) and GENETIX 4.05 (BELKHIR et al., 2004) . Allele frequencies, observed (Ho) and expected (He) heterozygosity (NEI, 1978) , and linkage disequilibrium (LD) were estimated at each locus. Fisher's exact test using the Markov Chain algorithm (GUO and THOMPSON, 1992) was used to assess deviations from the Hardy-Weinberg 's (1984) estimators of F-statistics were used to analyse genetic diversity both within and between populations. In particular, F IS was calculated in order to estimate which proportion of the total genetic variation was due to a departure from the Hardy-Weinberg equilibrium at the population level and F ST was calculated in order to estimate the proportion of the total genetic variation due to differentiation between populations. The F ST analogue for microsatellites R ST (SLATKIN, 1995) was also used, so as to include molecular information relating to the size of differences between the alleles in the differentiation estimates, and it was calculated by the program RSTCALC (GOODMAN, 1997) .
To assess the genetic structure of the individual stools, the model-based Bayesian procedure as implemented in the program STRUCTURE 2.1 (PRITCHARD et al., 2000) was used. This model ensures that the incidence of each individual in the original populations may be calculated (BRETON et al., 2008) . STRUCTURE was run with the admixture model and 20 trials of 10 6 MCMC replications, following an introduction period (burn-in) of 10 5 repeats for each hypothesis. More recently, it has been suggested that a better estimator of K, the number of homogeneous gene pools of origin for the populations studied, is the modal value of ⌬K (EVANNO et al., 2005) , the second-order rate of change of the likelihood function with respect to K. The estimate of K was based on ⌬K, according to EVANNO et al. (2005) . The latter approach was used in the present work to estimate K. Twenty runs were carried out for each K value from 1 to 6 (the number of real populations plus 3) tested.
Results
Genetic diversity
The analysis of 9 SSR loci at 90 chestnut individual stools displayed a high level of diversity. A total of 67 alleles were detected with a mean of 7.4 alleles per locus. The total number of alleles per locus ranged from 4 (locus CsCAT14) to 15 (locus EMCs38). Number of alleles (averaged over loci) for each population ( Table 1) ranged from 5.7 for populations 1 and 2 to 5.9 for population 3. Some alleles were specific for a given population: for population 1: alleles 221, 236, 240 at locus EMCs38 and alleles 93, 106 at locus QpZAG119; for population 2: allele 127 at locus CsCAT15, allele 148 at locus CsCAT16, alleles 232, 242, 260 at locus EMCs38 and allele 87 at locus QpZAG119; for population 3: alleles 209 and 211 at locus CsCAT1, alleles 127 and 133 at locus CsCAT16.
Observed heterozygosity (Ho) values varied from 0.433 (locus CsCAT15, population 1) to 0.867 (locus CsCAT1, population 2), with an average of 0.655; expect- Table 1 . -Genetic diversity within 3 gene pools at 9 SSR loci: n: number of samples, A T : total number of alleles averaged over samples, A: number of alleles, H E : expected heterozygosity, H O : observed heterozygosity. The deviation of F IS from zero was tested for all loci in all populations under the null hypothesis of HardyWeinberg equilibrium (HWE, significance level ␣ = 0.01). One locus, EMCs38, was found at disequilibrium in all three populations; the only other significant test was relative to locus CsCAT1 in Semione population ( Table   2 ). The presence of one locus in HW disequilibrium for all three populations can be due to several different factors (presence of null alleles, population stratification, genotyping errors or some other artefact); however, estimates of genetic differentiation and of population structure were not affected by dropping this locus from the dataset.
Linkage disequilibrium (LD), the non-random association of the alleles at different loci, was also investigated. When independent loci were tested, we found significant LD values for the pairs of loci: CsCAT8-CsCAT14 (population 3), CsCAT8-CsCAT15 (population 1), CsCAT8-QpZAG110 (population 3), CsCAT16-CsCAT14 (population 1), CsCAT1-CsCAT14 (population 2), CsCAT1-QpZAG119 (population 1), CsCAT14-QpZAG119 (population 1) and EMCs38-QpZAG119 (population 1). As for the loci linked on the genetic map built by BARRENECHE et al. (2004), we found significant LD values for the pairs CsCAT15-CsCAT41, CsCAT1-CsCAT15 and CsCAT1-CsCAT41 in all populations with the exception of pair CsCAT1-CsCAT15 in population 2, whilst we did not detect LD for the pair CsCAT8-CsCAT16.
Genetic differentiation
The overall genetic differentiation among populations was significant, albeit low: about 3 % (F ST = 0.029, confi- dence interval at 95 % is 0.018 < F ST < 0.043) of the total genetic variation can be attributed to differentiation among populations. The same procedures for R ST yielded an estimated overall R ST = 0.028, with a confidence interval at 95 % of 0.018 < R ST < 0.080. Then, we tested the significance for the three pairwise comparisons. All F ST pairwise comparisons were significant: from highest to lowest, 0.019 (population 2 vs. population 3), 0.029 (1 vs. 3) and 0.041 (1 vs. 2); the same comparisons for R ST yielded the highest value, 0.045, for population 1 vs. population 3, followed by 0.025 (1 vs. 2) and 0.014 (2 vs. 3) ( Table 3) . It can be easily seen that F ST and R ST showed different results. We also estimated the genetic distance among populations by means of Nei's genetic distance; the relative distances were: 0.085 (1 vs. 2), 0.062 (1 vs. 3) and 0.041 (2 vs. 3) ( Table 3) .
Furthermore, a preliminary analysis was carried out to investigate the population structure in the three gene pools. In order to research population structure and assign individuals to sub-populations based on the genotypes, a model-based Bayesian procedure, as implemented in the software STRUCTURE (PRITCHARD et al., 2000) was applied. This approach estimates the most likely number of clusters (K), or homogeneous gene pools, which have originated the present populations. The model-based Bayesian procedure highlighted a sharp signal at K = 3, thus indicating that three gene pools shaped the genetic structure of the populations analyzed. To check the composition of each population and each individual with respect to each population, further analysis was therefore carried out based on K = 3. The final proportion of each of the three hypothetical gene pools present in each individual was obtained and the results are shown in Table 4 and in Figure 2 . The proportion of membership of each inferred population in the populations studied was nearly 50 % ( Table 4 ). This result highlights that each gene pool presents a high degree of admixture, according with the low differentiation level found between populations, since value greater than 0.75 are necessary for indicating membership of one population to one gene pool. On average half of chestnut individuals for each population showed a strong component derived from one distinct gene pool.
Discussion
In this study, C. sativa populations show a high degree of diversity, as is observed in most natural population of tree species (HAMRICK et al., 1992) : all nine analysed loci are polymorphic (no fixed alleles were detected), and genetic diversity, measured by heterozygosity, appears to be high. The average He values obtained for the three populations studied are in the range 0.65-0.72 in full agreement with those observed in natural populations of other Fagaceae: MUIR and SCHLÖTTERER (2005) registered in a set of European populations of Q. petraea e Q. robur He values between 0.3 and 0.96. The smaller range of variation in our populations is easily explained by the more restricted geographic range analysed. The same effect is evident when comparing our results to those obtained by STREIFF et al. (1998) for the same species. Last, in a recent work on Italian populations of Q. cerris, heterozygosity levels between 0.65 and 0.85 were found (BERTOLASI et al., pers. comm.; BINELLI et al., in prep.) . It appears that the managing practices adopted in the period of greatest importance for chestnut cultivation have been respectful, although involuntarily, of the starting levels of genetic variation of the species. Deviations from Hardy-Weinberg equilibrium were found for locus EMCs38 in all three populations tested. The most probable cause is the provenance of the marker. In fact, marker EMCs38 comes from a different set of microsatellites of Castanea what probably resulted in missing the presence of null alleles, as indicated also by the estimates of all positive F IS values at this locus. Other two loci are characterised by positive F IS values, but do not deviate from HWE, QpZAG110 and QpZAG119. These markers were developed in the phylogenetically more distant Quercus petraea and hence have possibly been unwillingly selected for higher ability to detect differentiation, due to the presence of different homozygotes in the populations studied. This is confirmed by the data on differentiation discussed later. The levels of LD in our populations are not high: once the significant LD values have been removed which can be ascribed to physical linkage between loci (SSRs CsCAT1, CsCAT15 and CsCAT41, BARRENECHE et al., 2004) , eight pairs of loci remain, none of which has significant LD across all three populations studied. Besides, because the significance level was set at ␣ = 0.05, a frequency of one false positive out of 20 is expected and 36 pairs were tested for each population (considering also the linked markers), a conservative analysis implies that only those populations carrying at least two disequilibria are carrying "true" LD. In our hands, the population characterised by the highest levels of LD (five out of the eight significant comparisons) is Bellinzona. This result could be the footprint of a recent event of mixing among populations, as indicated also by the analysis of the genetic structure discussed later. Presence of LD can also be diagnostic of a role as potential refugium for that particular population. In our case, the term refugium must be taken with the meaning of a key population maintained throughout the recent history of the species. Finally, another cause for LD is genetic drift, but the number of SSRs used prevented us from testing for bottlenecks, since the most common tests rely on at least 20 loci to yield sound results (PIRY et al., 1989) . We can conclude that the low level of LD found indicates that the three populations under study do not show evidence of loss of variability due to management practices and/or the evidence of past events of reduction in size.
A significant level of genetic differentiation was found among the Canton Ticino populations of C. sativa. The estimate, based on F ST = 0.029, is in the lower part of the range already observed for other Fagaceae; MUIR and SCHLÖTTERER (2005) observed between Quercus petraea and Quercus robur F ST values between 0.001 and 0.232, average 0.05, based on 20 microsatellites in 12 populations. In the already mentioned work on Q. cerris (BERTOLASI et al., pers. comm.; BINELLI et al., in prep.) , F ST = 0.059 was estimated for 23 Italian populations studied by eight SSRs. In another large scale Beccaro et. al.·Silvae Genetica (2012) [292] [293] [294] [295] [296] [297] [298] [299] [300] DOI:10.1515/sg-2012-0037 edited by Thünen Institute of Forest Genetics 298 study, five Italian populations of Q. petraea analysed at five SSRs were characterised by G ST = 0.18 (BRUSCHI et al., 2003) . A closer look at the single locus level indicates that the two markers exhibiting the highest differentiation are QpZAG110 and QpZAG119, developed for Quercus petraea. The genetic divergence between populations was also estimated by RST, the F ST analogue based on the stepwise mutation model. An overall value of R ST = 0.028 was found, indicating that the differentiation rate has not changed in the populations studied, due to the ability of R ST to detect differentiation events older than those revealed by F ST (SLATKIN, 1995; MAMELI et al., 2008) . This also implies that the amount of gene flow remained constant; hence the history chestnut populations in Canton Ticino has not changed over the last centuries.
When dealing with conservation and phylogeographic issues, it is often necessary to detect K, the number of panmictic units or 'gene pools' in the data, in order to be able to suggest possible mechanisms that have shaped the genetic variability observed. The use of a Bayesian approach to the detection of K has become increasingly popular in the last decade (BERTORELLE and EXCOFFIER, 1998; PRITCHARD et al., 2000) . In the present study it was possible to estimate K = 3 as the number of inferred populations from which the studied populations derive. The most precise interpretation of this value is that three homogeneous gene pools contributed to the three populations sampled. This implies that the genetic structuring is very mild in the Canton Ticino chestnut population, as already observed by the relatively low levels of differentiation. Unfortunately for the purposes of our study this does not make possible to indicate with an acceptable degree of certainty the origin of the populations studied yet. However, this study paves the way for the assessment on a larger scale of the genetic characteristics of this important species. Also the use of uniparentally inherited markers will allow us to shed more light on this issue.
